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Abstract.ThemembranesfromnormalandPlasmodiumknowlesi-infectedrhems
monkeyerythrocytes(90to 95percentinfectedwithearlyring.Hage)wereanaly::ed
for transbilayerdistributionofphosphatidylcholine(PC). phosphatidylethanolamine
(PE). andphosphatidylserine(PS). bymeansof chemicalandenzymaticprobes.The
externalmonolayerof thenormalred cell membranecontainedat least68 to 72
percentof thetotalphosphatidylcholineandJ5 to20percentof thetotalphosphati-,
dylethanolamine.In the infectedcell. the transmembranephosphatidylcholine
distributionappearedto.bere~'ersed,withonly20to30percentof it beingexternally
localized,whereasroughlyequalamountsof phosphatidylethanolaminewerepres-
ent in theouterand'innersurfaces.However,totalpho.~phatid)'lserineboththe
infectedand normalred cellswas exc/usi~'elyinternal.Unlikethat in the normal
intact cell, externalphosphatidylethanolaminein theparasitizedcell was readily
accessibleto phospholipaseA2. Theseresultsindicatethatsignificantchangesin
moleculararchitectureof thehostcell membranearetheresultof varasitization.
Knowledgeof molecularchangesin-
ducedby the malariaparasitein the
structuralframeworkof thehostcell
membraneisessentialtoanunderstand-
ingofhost-parasitenteractions.Various
biochemical,biophysical,immunochem-
ical(1-4),andelectronmicroscopicstud-
ies (5)have-revealedthatthemalarial
parasiteproducesdistinctmorphological
changesin thehosterythrocytemem-
braneat thetimeof entryandduring
development.
Recently,Schmidt-UllrichandWal-
lach(3)demonstratedthepresenceof
Plasmodiumknowlesi-specificantigens
in the membraneof parasitizedred
cells of the rhesusmonkey.Howev-
er, few attemptshavebeenmadeto
determinethemolecularchangesoccur-
ringin thestructureof hosterythrocyte
membraneintegralproteins,glycolipids.
andphospholipids.Alterationsinthelip-
idsoftheredcellmembranesinPlasmo-
diumlophuraeinfectionshavebeensug-
gestedby Holz (6). We have studied
transbilayerphospholipidasymmetryin
plasmamembranesof rhesusmonkey
red cells that were 90 to 95 percent
infectedwith the early ring stageof P.
knowlesi.We report here a dramatic
changein lipidorganizationin themem-
branesof infectedmonkeyerythrocytes.
SynchronousinfectionsofP. knowlesi
(W I strain)weremaintainedby serial
pa.ssageof infectedbloodin rhesusmon-
keys, cagedin a room illuminated\.\'ith
fluorescentlightsfrom7:00a.m.to 7:00
p.m.The monkeyswerebledwhenpara-
SCIENCE. VOL. 212.29MAY 1981
sites were at the early ring stageand
whenparasitemiawas 90to 95percent.
asdeterminedbyGiemsastaining.Blood
was drawninto heparinizedglasstubes
andwashedthricewith phosphate-buff-
eredsaline(PBS) (pH 7.2).White blood
cells and plateletsfrom normalblood.
andwhitebloodcells,platelets,andschi-
zonts from the infectedblood were re-
movedby meansof a Ficoll-Hypaque
gradient,as describedby Wallach and
Conley (2). The purifiedinfectederyth-
rocytes,whencheckedby Giemsastain-
ing, were90to 95percentinfectedwith
early rings contaminatedwith 2to 3
percenttrophozoites.
Ghosts from normal or parasitized
erythrocyteswerepreparedby lysingthe
cells with saponin(7). Normal red cell
ghostswereisolatedby centrifugingthe
saponizedhemolyzateat 2 x J04g.The
hemolyzatefrom parasitizedcells was
centrifugedat 370gand the pelletwas
discarded.The supernatantwas further
centrifugedat 104g'toremoveadditional
parasites.Finally,themembranesof the
parasitizedcellswereisolatedby centri-
fugingthesupernatantderivedfromthe
laterstepat 4 x 104g.The membranes
preparedin this way were completely
freeof parasitesas determinedby light
microscopy.
Extraction of lipids from the mem-
braneswas caITiedout accordingto the
procedureof Folch et al. (8).Separation
of various phospholipidswas done on
silicagel 6OF-254(with 0.25-mm.20by
10em. Merck glassplates)asdescribed
1047
by Pollet et al. (9). Spotsfor different
phospholipidswereidentifiedafterstain-
ingtheplatewith iodinevaporfollowed
l\yninhydrinspray.Thesewereremoved
andelutedwith a mixtureof methanol
andchloroform(I: I by volume)for sev-
eral timesincludingtwo overnightex-
tractions.Total phosphoruspresentin
'ach spotwasdeterminedas described
in (10).The recoveriesof variousphos-
Ipholipidsfrom silicagel were90 to 95
percent.
PhospholipaseA2. from Naja naja.
and 2.4.6-trinitrobenzenesulfonicacid
(TNBS), an aminogroup labelingrea-
gent,were usedas externalprobesto
explorethedistributionof phosphatidyl-
choline(PC) andaminophosphatidesin
plasmamembranesof normalandpara-
sitizedrhesusmonkeyredcells. Exten-
siveuseof theseprobeshasbeenmade
in studiesof lipid asymmetryin other
membranesystems(1/. 12).
Incubationsof intactcells and their
unsealedmembraneghostswith phos-
pholipaseA2werecarriedoutwithvary-
ing concentrationsof enzymeand for
differenttimeperiods.The enzymecon-
centrationthatresultedin maximumhy-
drolysisof phospholipidsin the intact
cell. withoutany significantdegreeof
hemolysis,wasusedin all experiments.
Table ]. Nonlytic degradationof phospholipidsin normalandP. knoll'lesi-infectedrhesus
monkeyerythrocytesandtheirunsealedghostsby phospholipaseA~. PhospholipaseA~from
Naja najasnakevenom(HaeffkinInstitute.Bombay)waspurifiedessentiallyaccordingtothe
methodof Blecher(20).The resultingconcentrationof theproteinwasapproximatelyI mglml.
Treatmentsof thenormalandtheinfectederythrocytesaswellasof theirunsealedghostswith
phospholipaseA2 werecarriedoutaccordingto themethodof Verkleijetal. (/6). Theamount
of enzymeusedwas 70 J.LIof the stock solutionper 0.25ml of packedcells andghosts.
Incubationsweredonefor 60minutesat37°C.Enzymeactivitywasinhibitedbyadditionof 0-
phenanthrolineandEDTA (/6). The cells andghostswerewashedtwicewith isotonicsaline
priortothelipidextraction.Thepercentageof degradationof phospholipidswasdeterminedby
estimationof totalphosphoruscontentin variousphospholipidspots.Valuesareexpressedas
meanof a numberof determinations(N) j: standarddeviationor as a range.Percentage
hemolysiswasdeterminedas describedby Roelofsenet al. (ll). Threeto 5 percentof the
normalcellsand4to7percentoftheinfectedcellswerelysedundertheseconditions:N.D.. not
determined.
Table 2. Resultsof labelingwith TNBS theaminophosphatidesin normalandP. knoh'lesi-
infectedintactrhesusmonkeyerythrocytesandtheirunsealedghosts.The labelingof normal
erythrocytewascarriedout accordingto GordeskyandMarinetti(/31.BonsallandHunt(/4).
andGordeskyetal. (/5). U\e of thelasttwoproceduresresultedin similaramountsof labeling
of PE. whereasthefirstonegave2to 3percentlesslabelingin theintactcell.Valuesfor total
phospholipidlabelingwereobtainedby followingthelastprocedure.The infectedcellswere
stronglyagglutinatedif the labelingwas carriedout by eitherof the aboveprocedures.
However.inclusionof I mM EDTA and2.0Vlml of preservative-freeheparinintothemedium
usedbyGordeskyetal. (/5) wasfoundtobesatisfactory.No detectablechangein theamount
of labelingof aminophosphatidesin normalintactcellswasobservedby usingthismodified
medium.The reactionswerecarriedout at 23°to 25°Cfor 6 to ]2 hours.No differencesin
percentageof labelingin theseexperimentswereobserved.No detectablecelllysisoccurredin
all these experiments.The percentageof TNBS labelingwas determinedby the total
phosphorusdeterminationsas well as by measuringabsorbanceof yellowcolor at 340nm.
Valuesareexpressedasmeanof a numberof determinations(N) :!:standard eviationor asa
range.
Cell or ghost
Percentageof TNBS labelingof phospholipids
Total
phospholipids
PE
Normalintactcell (N =6)
Infectedintactcell(N =4)
Normalcellghost(N =3)
Infectedcellghost(N =3)
5.95 j: 0.65
10.07 j: 0.50
44.78 :!: 1.32
33.72 :!: ].40
]5 to 20
45to 50
100
]00
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PS
The resultsare given in Table I. The
percentageof phospholipiddegradation
was calculated after estimating the
amountsof Iysophospholipidsandintact
phospholipids.In the normalcell. 68to
72 percentof the total PC was hydro-
lyzed.whereasno degradationof phos-
phatidylethanolamine(PE). phosphati-
dylserine(PS), andphosphatidylinositol
(PI) was observed.In intact infected
erythrocytes.only PC (21to 27percent)
and PE (44to 48 percent)were hydro-
lyzed.An increasein theincubationtime
(90minutes)did not leadto further in-
creasesin theextentof PC hydrolysisin
the normalcell or PC andPE degrada-
tion in the parasitizedcell. There was
completedegradationof PC. PE, andPS
(95 to 100percent)in unsealedmem-
braneghostsof normaland parasitized
cells.
Normal intactcellsweretreatedwith
TNBS accordingto establishedproce-
dures(13-15).Fifteen to 20 percentof
thePE was modified(Table2). Howev-
er. infectedcells werestronglyaggluti-
natedif thereactionwascarriedout by
anyof theabovemethods.The resultant
sheath-likestructureof cellsresistedly-
sisby mostof theknowncelllysisproce-
dures. The modifiedreaction medium
(Table2)eliminatedthisproblem.Treat-
mentof theparasitizedcellswith TNBS
in themodifiedmediumresultedin 45to
50 percentmodificationof PE. Since
therewas no differencein theextentof
TNBS labelingin experimentscarried
out for 6 hours and 12 hours. it was
inferredthatthereagentdidnotcrossthe
membraneunder these experimental
conditions.Reactionof unsealedmem-
braneghostswithTNBS gavecomplete
labelingof PE andPS.
Theseresultsindicatethatat least68
to 72percentof PC. 15to 20percentof
PE. and zero p..:rcentof PS have an
externalocalizationin thenormalunin-
fectedrhesusmonkeyerythrocytemem-
brane:this is similarto thearrangement
of phospholipidsin the humanred cell
(16).On thebasisof theknownexternal
localizationof sphingomyelinin the hu-
manredcell. it mightbesupposedthata
similararrangementof thisphospholipid
is presentin the monkeyerythrocyte.
However. contrary to the normal red
cell.at least21to27percentof Pc, 45to
50percentof PE. andzeropercentof PS
weredistributedin theoutermonolayer
of theparasitizedcellmembrane.consti-
tutingroughly 20 percentof the total
phospholipids(17).
These findingsdemonstratethat dra-
maticchangesin molecularorganization
of thephospholipidbilayerof theredcell
membraneareinducedby malariapara-
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100
100
Percentageof degradationof phospholipids
-
Substrate Total
phospholipids
PC PE SM PS PI
Normalintact 26.84j: ].79 68to 72 0 0 0 0
cell (N =6)
Infectedintact 19.48j: 1.23 2] to 27 44to 48 0 0 0
cell (N =6)
Normalcell 82.38j: 1.76 ]00 100 0 100 N.D.
ghost(N =3)
Infectedcell 71.15:!:1.47 100 100 0 100 N.D.
ghost(N =3)
site.Sincethelipidasymmetryseemsto
bearesultofdifferentialbindingof phos-
pholipidsby proteinsandother ligands
on thetwo sidesof the membraneU8>.
alterationsin molecularorganizationof
thelipidbilayercouldinducechangesin
distributionof other membranecompo-
nents.The suggestedaggregationof the
integralproteinsof the host cell mem-
braneduringP. knowlesi infection(5)
could thereforebe a result of altered
phospholipidasymmetry.The complete
hydrolysisof theexternalPE in parasi-
tizedcellsby phospholipaseA2alsosug-
geststhattheproteindistributionin the
hostcell membraneis altered.
It is importantto considerhow the
observedchangesin compositionand
inside-outsidedistributionof phospho-
lipidsin theinfectedhostcell membrane
comeabout.Wesuggesthattheparasite
may secretephospholipid-richvesicles
on thehostcell surfaceat thetimeof its
entry into the cell. Thesevesiclesmay
thenfusewiththehosterythrocytemem-
branecausingchangesin composition
and assemblyof phospholipids.The
presenceof lipid vesicle-likestructures
onthehostcell surfacehasalreadybeen
demonstratedat the time of the mero-
zoite'sentryintothecell (5, /9).
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